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Abstract— In this paper, a novel miniaturized capacitive 
loaded electromagnetic band gap (EBG) has been developed with 
the patch size of approximately λ/36. The dimension is 
controllable using the lumped capacitive elements values. The 
surface impedance characteristic of the EBG structure is 
switchable as pin vias have been inserted and removed within the 
EBG center and the ground plane. Switching the EBG surface 
impedance characteristic within the array elements has 
demonstrated the novel application of miniaturized EBG to 
control the signal propagation within the array elements. 
Radiation pattern for the middle antenna is enhanced toward the 
antenna which connected with low surface impedance EBG 
structure resulting approximately 12dB improvement in gain. 
The propagation characteristics and gain of the array have been 
analyzed using CST Microwave Studio (CST MWS).  The new 
application of the EBG can be very useful to realize the 
controlling and channeling the signal within the array elements.  
Keywords— Miniaturized EBG; Array antenna; Signal 
channeling; propagation; isolation; switchable; mutual coupling 
I.  INTRODUCTION 
Mutual coupling which mainly contributed by the 
propagation of surface wave within array elements always be 
blamed for the performance degradation of the array 
antenna[1, 2]. Various literatures have broadly discussed the 
method of reducing the effect of mutual coupling including the 
photonic bandgap substrate [3], a defected ground plane [4, 5], 
and to introduce an EBG structure within the array elements 
[6-9]. The miniaturized and tunable EBG structure which 
utilized the capacitive and inductive lumped components has 
been illustrated in [10, 11]. 
In this paper, an approach to develop the miniaturized 
EBG structure by utilizing only capacitor lumped element has 
been introduced. The approach should be able to reduce the 
number of lumped elements required compared to [11] and 
reduces the tolerance errors introduced by the components. 
The designed miniaturized EBG structure with unit cell period 
of approximately λ/36 has been achieved with the resonance 
frequency controllable by varying the value of the external 
lumped capacitors. The structure can be electronically tunable 
by replacing the capacitor with DC biased varactor diodes as 
established in [12, 13]. 
The inductance element for the structure has been 
generated by inserting the connecting pin vias into the 
structure. This has improved the design compactness and 
capability of altering the surface characteristic by switching 
pin vias in and out which alternately alter the surface 
characteristic from suppressing to conducting the surface 
wave[14-16].  
Furthermore, the novel technique to control the mutual 
coupling within the array elements has been demonstrated. 
The technique has effectively controlled the surface wave 
propagation within the array elements.  The simulation results 
using CST Microwave Studio illustrate the capability of the 
miniaturized EBG structure to alternately propagate and 
suppress the surface wave as the pin vias has been switching 
in and out into the structure. 
 The simple and various techniques for tuning the EBG 
operating frequency as well as the tunable surface impedance 
characteristics have shown the design flexibility for the 
proposed structure. 
. 
II. DEVELOPMENT OF CAPACITIVE LOADED 
MINIATURIZED EBG 
A. Unit Cell Miniaturized EBG Structure Design 
The miniature EBG structure has been designed with the 
overall period, p and loaded with capacitors as illustrated in 
Fig. 1. The structure has been developed using double sided 
FR4 substrate with dielectric constant,  Ɛr, of 4.3 and 
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thickness,  t  of 6.4mm. The miniaturized EBG composed of 
PEC copper plate with switchable pin vias. The surface mount 
capacitors are connected within each adjacent EBG patches 
which act as connection current path within the cells. 
Reflection phase for the EBG structure has been simulated 
and analyzed with various dimensions of the EBG patch and 
variable capacitor values. Fig. 2 shows the reflection phase of 
approximately 0º at 2.2GHz has been realized for 15mm 
mushroom-like and 3.8mm miniaturized EBG loaded with 1pF 
lumped capacitor. Result shows that about 75% reduction in 
the unit size for miniaturized EBG structure compared to 
mushroom-like EBG and with approximately 25% of the 
bandwidth for both structures has been achieved. For the case 
of doubling the miniaturized EBG unit cell period from 
3.8mm to 7.6mm, the result shows only approximately 12% 
reduction in resonance frequency without significant changes 
in bandwidth. This is due to very small impact on the increase 
in sheet capacitance when increase in cell period with 
compared to the loaded lumped element value. 
The characteristics of the EBG against the loaded 
capacitance value are shown in Fig. 3. In the analysis, the unit 
cell period, p has been fixed at 3.8mm with a 0.5mm gap 
within the cells.  The capacitor value has been set to 0.5pF, 
1pF and 2pF. The EBG unit cell reflection phase results show 
that the resonance frequency has decreased by more than 20% 
when the capacitor value is doubled. As the chosen 
capacitance is very large compared to the surface sheet 
capacitance, the bandwidth has been reduced from 0.9GHz to 
0.55GHz, i.e. by approximately 40% when the capacitor value 
is doubled from 0.5pF to 1pF. The bandwidth is further 
reduced by approximately 50% when the capacitance is 
doubled from 1pF to 2pF.  The simulated results show that the 
characteristics of the developed miniaturized EBG structure 
are highly dependent on the loaded lumped capacitor value 
and marginally effected by the EBG dimensions. 
 
B. Miniaturized EBG Design Optimisation 
The optimization of the miniaturized EBG structure has 
been conducted using 50Ω microstrip transmission line as 
shown in Fig. 4. Based on the impedance calculations using 
CST MWS, the width of the transmission line has been 
determined as 12.4mm. To calculate the EBG surface 
transmission characteristic through the EBG structure, a 
couple of discrete ports have been connected at the both edges 
of transmission line. The EBG dimension has been tuned to 
achieve the best parameter of the miniaturized EBG when 
inserted with pin vias. The EBG band gap frequency range 
should covered the antenna operation frequency which has 
been selected as 2.2GHz. The optimized dimensions for the  
 
Fig 1 A unit cell of miniaturized EBG with capacitors, top & side views 
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Fig. 2: Simulated reflection phase for a unit cell EBG 
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Fig 3: Simulated reflection phase for unit cell with variable lumped 
capacitance value. 183
  
Fig. 4: Miniaturized EBG structure with microstrip transmission line 
 
miniaturized EBG structure have been determined as: 
p=3.8mm; l=w=3.3mm; g=0.5mm and CL=0.5pF. The value of 
the capacitor has been calculated as halve of the value for the 
capacitance simulated in EBG unit cell due to two 1pF 
capacitors which come from each cell have been connected in 
series within the cells. The structure has been simulated using 
an FR4 material substrate with a dielectric constant of Ɛr =4.3 
and a thickness of 6.4mm. 
The transmission loss across the optimized dimension of 
the miniaturized EBG surface for the case of EBG with and 
without pin vias has been compiled as presented in Fig. 5. 
Result dictates that the switching pin vias in and out has 
alternately switched the EBG characteristic from suppressing 
to propagating the surface wave, which denoted by the 
reduction and increment in EBG surface transmission values 
respectively. The EBG structure will be used in the next 
section to analyze the characteristic of EBG to control the 
propagation of signal or surface wave within the array 
elements. 
 
III. SIGNAL PROPAGATION CONTROL WITHIN THE ARRAY 
ELEMENTS USING MINIATURIZED EBG. 
In this section, the analysis and applications of the 
miniaturized EBG structure to control the propagation and 
suppression of surface wave within the array elements are 
demonstrated. Three identical microstrip patch antennas with 
the width and length of 28.6 mm have been arranged in series 
as shown in Fig. 6.  The patch antennas have been denoted as 
Antenna1, Antenna2, and Antenna3 and separated by a 
distance of 82mm (0.6λ2.2GHz). 
The miniaturized EBG structure with a period of 3.8mm 
and connected with a 0.5pF lumped capacitor has been placed 
within the array elements. Pin vias have been placed at the 
middle of each EBG patches which is similar to the 
miniaturized EBG structure designed in the previous section. 
The EBG structure has been denoted as EBG-A and EBG-B as 
shown in Fig. 6. Array antennas and miniaturized EBG 
structure have been constructed on an FR4 PCB with a 
thickness and a relative dielectric constant of 6.4mm and 4.3, 
respectively.  
To investigate the effectiveness of the miniaturized EBG to 
control the flow of surface wave within the array elements, pin 
vias at each sector, EBG-A and EBG-B, have been switched 
out and in respectively. This is expected should be able to 
alternately alter the EBG sector impedance characteristics 
accordingly. 
 
 
 
 
 
 
Fig. 6: Microstrip patch array antenna integrated  
with miniaturized EBG structure.  
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Fig. 5: Surface transmission los for miniaturized EBG structure 
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Simulated mutual coupling results for the case of the pin 
vias have been switched out from the EBG-A, and switched in 
for the EBG-B is demonstrated in Fig. 7. The results show a 
reduction of approximately 9dB in the mutual coupling 
between Antenna1 and Antenna3, S31 at the operating 
frequency of 2.2GHz has been observed. This is mainly due to 
the existence of the miniaturized EBG structure inserted with 
pin vias within the array element which exhibits the band gap 
properties. This has efficiently suppressed the surface waves 
within the elements which represented by the reduction in 
mutual coupling. 
For the case of removing or switch out the pin vias from 
sector EBG-B, the EBG’s high impedance properties at the 
antenna operating frequency has been eliminated, which in 
return has altered the EBG’s surface from band gap with high 
impedance surface to low impedance surface. The 
enhancement of mutual coupling between Antenna1 and 
Antenna2, S21 illustrates the improvement of surface wave 
propagation within the array elements. These results 
demonstrate the effectiveness of the miniaturized EBG to 
control the propagation and suppression of surface wave. 
Return loss results for all the array elements when the EBG 
structure has been altered are shown in Fig. 8. The frequency 
of the minimum return loss for Antenna1, S11 and Antenna3, 
S33 are slightly less than Antenna2, S22. This different is due to 
the slight changed in the total antenna cavity as the pin vias 
are inserted and removed. However, the results demonstrate 
that the entire antennas are remained stable at the desired 
operating frequency of 2.2GHz. 
Normalized azimuth radiation patterns for the array 
element are plotted in Fig. 9. Radiation patterns illustrate the 
performance of the miniaturized EBG to control the 
propagation of the surface radiation power between the array 
elements against Antenna1 at the middle. The high mutual 
coupling between Antenna1 and Antenna2, S21 represents the 
enhancement of surface wave propagation within the array 
elements. This is demonstrated by the radiation pattern for 
Antenna2 directing towards Antenna1 with approximately 
13dB enhancement in the gain.  
However, radiation pattern for Antenna3 is almost circular 
in shape with approximately 7dB reduction in gain away from 
Antenna1. The pattern’s shape is caused by the isolation 
between these antennas as the result of the surface wave 
suppression, and also due to the reflection of the radiation 
power away from the EBG surface. 
Radiation pattern for the middle element of Antenna1, is 
directed towards Antenna2 and reflected from Antenna3 with 
approximately 12dB reduction in gain at the direction facing 
toward Antenna3. The result illustrates the agreement of the 
result for the surface wave propagation and suppression within 
the array elements which have been demonstrated by the 
radiation patterns of antennas 2 and 3. 
Therefore, switching pin vias in and out has alternately 
altered the structure’s surface impedance, which can be 
utilized to control the surface wave’s propagation within the 
array elements. The miniaturized EBG structure inserted with 
pin vias illustrates the high surface impedance feature, which 
suppresses the surface wave’s propagation and having the 
unique characteristic of reflecting the radiation away from its 
surface. Whereas, the miniaturized EBG structure without pin 
vias illustrates the low impedance characteristic, which allows 
the propagation of surface wave.  The novel finding is 
important for the EBG to be utilized in controlling the 
propagation and suppressing the signal within array elements. 
IV. CONCLUSION 
 
In this paper, a novel compact miniaturized capacitive 
loaded EBG with a period of 3.8mm (λ0/36) has been 
developed. The application of miniaturized EBG to control the 
surface wave propagation within the array element has been 
established by switching the pin vias in and out at each EBG 
sections. Switching in pin vias into the EBG patches establish 
the structure with band gap characteristic. Placing the EBG 
Frequency (GHz)
1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6
R
et
u
rn
 l
o
ss
 (
d
B
)
-20
-15
-10
-5
0
S11
S22
S33
 
Fig. 8: Return loss for the array elements 
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Fig. 7: Mutual coupling with array elements when  
switching EBG surface impedance characteristic. 185
structure within the array elements has suppressed the surface 
waves and improved the isolation within the array elements. 
Removing the pin vias from the miniaturized EBG patches has 
altered the structure to the low surface impedance. Placing the 
structure within the array elements has demonstrated the new 
novel application of EBG in propagating the signal within the 
array elements. 
The novel finding on the new application of the EBG to 
control the signal propagation within the array elements has 
been achieved. Switching pin vias in and out could establish 
the smart controlling of signal propagation through the EBG 
surface with approximately 12dB enhancement in gain for the 
middle antenna.  The structure can be utilized for channeling 
the signal within the elements in wireless system and local 
wireless network such as for body area network (BAN). 
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 Fig. 9: Normalized azimuth (xy-plane) radiation pattern for the array elements 
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